A new method of grazing incidence X-ray absorption spectroscopy using an off-specular reflection geometry referred to as Yoneda-XAFS is presented. Using an asymmetric setup, with the detector centered at the Yoneda peak, this technique is sensitive to lateral heterogeneities which typically occur at surfaces or interfaces. The Yoneda-XAFS technique was used for the ex situ investigation of a sputter deposited thin gold films on a float glass substrate. The data analysis is done in the framework of the distorted wave Born approximation (DWBA).
INTRODUCTION
Grazing incidence X-ray absorption spectroscopy (GIXAS) has become increasingly important in the last two decades and was used for the investigation of various surface and interface phenomena, such as adsorption [1] , thin film growth [2] , metal oxidation by gases [3] , anodic oxide layer formation and passivation in aqueous media [4] and formation of intermetallic phases [5] . Surface sensitivity is obtained by using total external reflection: For grazing angles below the critical angle of total reflection the penetration depth amounts to only few nm and a variation of the incidence angle allows depth profiling of the samples. GIXAS detection techniques currently include reflectivity (ReflEXAFS), total electron yield, fluorescence and the intensity of Bragg-rods.
In addition to the specular reflected beam, the angular distribution of the intensity reflected from a rough surface or interface shows a second well defined maximum (''Yoneda peak'') if the angle of incidence or the exit angle is close to the critical angle of total reflection. Due to the underlying mechanisms this peak can not be calculated in the framework of the Fresnel theory. More elaborate approaches such as the distorted wave Born approximation (DWBA) have to be used for modeling off-specular data [6] . Thus, besides the real and imaginary part of the refraction index, three more parameters for the complete description of the roughness, namely the rmsroughness σ, the lateral correlation length ξ and the Hurst parameter h, are needed. In this contribution we conducted grazing incidence X-ray absorption spectroscopy under non-specular conditions (referred to as Yoneda-XAFS) of sputter deposited thin gold films. Gold is well suited as a model system because it is non-reactive to ambient air and the local surface structure should be basically identical to that of the bulk metal.
EXPERIMENTAL
The gold sample was prepared on a smooth float glass substrate by DC-sputtering (700 V, 80 mA) in an Ar atmosphere of 1 Pa resulting in a film thickness of about 172 nm as determined by X-ray reflectivity measurements. The X-ray experiments were performed at the X-ray undulator beamline BW1 at the DORIS III storage ring at Hasylab (Hamburg, Germany) using a double-crystal monochromator with two flat Si(111) crystals. Specular ReflEXAFS and non-specular Yoneda-XAFS data were collected at room temperature under ambient conditions. Incident and reflected intensities were measured by means of nitrogen-and argon filled ionization chambers. The incoming beam was collimated vertically to 120 μm. A second slit was placed in front of the detector for the reflected intensities defined the acceptance angle for the ReflEXAFS and Yoneda-XAFS measurements to 0.04° and 0.10°, respectively.
RESULTS AND DISCUSSION
In Fig. 1 Yoneda-XAFS measurements from the thin gold film are presented for several different incidence angles α i . Note the extremely small reflectivity, which is reduced by more than four orders of magnitude compared to the ReflEXAFS spectra, which are shown in the insert of Fig. 1 . According to the angular position of the Yoneda peak, the detector angle was set to α f = 0.332°. Due to the close relation between the critical angle α c and δ(E) it is clear that the position of the Yoneda peak slightly shifts when the energy is varied. In our case these variations are small (i.e. α c ≈ 0.349° and α c ≈ 0.314° for 11600 eV and 12600 eV, respectively), so that the use of a detector with a sufficiently large angular acceptance (i.e. 0.1° in the present case) guarantees that the entire Yoneda peak intensity is always measured. Similar to conventional EXAFS, fine structure oscillations are clearly visible in the Yoneda-XAFS spectra. For the data analysis, the X-ray reflectivity R above the absorption edge is split into a smooth part R 0 and an oscillatory part ΔR with R = R 0 + ΔR. The reflectivity fine structure χ Y = ΔR(E)/R 0 (E) [7, 8] is calculated subsequently. For the further data evaluation, the oscillating components Δß(E) and Δδ(E) of the complex refractive index n(E)=1-(δ 0 +Δδ)-i(ß 0 +Δß) were extracted from the specular ReflEXAFS measurement of the gold sample at α i = 0.226° by means of a KramersKronig analysis (see [9] ). The smooth parts (ß 0 , δ 0 ) were calculated using tabulated atomic data [10] which were calculated by the method of Cromer and Libermann [11] . The obtained complex refraction index n(E) was used for the calculation of the specular and off-specular spectra according to the DWBA. In addition, the following roughness parameters were used: σ = 1.56 nm, ξ = 31.7 nm and h = 0.5. These values were obtained from the analysis of X-ray scattering data (detector and rocking scans) and agree qualitatively with ex-situ atomic force microscopy investigations [12] . Yoneda-XAFS and ReflEXAFS fine structure data calculated this way are compared to the experimental results in Fig. 2 . Obviously, we can model quantitatively and consistently the measured X-ray absorption fine structure in both the ReflEXAFS and Yoneda-XAFS using such a straightforward calculation scheme. The comparison of the ReflEXAFS and Yoneda-XAFS data shows that although the absolute intensity of the measured Yoneda-XAFS data is approximately four orders of magnitude smaller, a similar data quality of the extracted χ Y (k) can be obtained with very low noise up to k > 12 Å -1 . By using the FEFF 8-code [13] , the oscillating components Δß and Δδ of the complex refractive index can also be calculated on an ab-initio basis taking into account only the nearest neighbour Au-Au contribution. Using the Δß and Δδ values determined this way, Yoneda-XAFS calculations were performed on an ab-initio structural model, and the results of the model calculations are compared to the experimental Yoneda XAFS data in Fig. 3 . Here we also show the influence of the nearest neighbour coordination number (N 1 ) on the magnitude of the Fouriertransform of the Yoneda-XAFS fine structure using a nearest neighbour distance R 1 = 2.85 Å and a DebyeWaller factor of σ 2 = 0.0073 Å 2 .
FIGURE 3.
Comparison between magnitudes of the Fourier-transforms of the k 3 -weighted fine structure function extracted from the experimental Yoneda-XAFS data of Obviously, the modelling of the experimental data is improved with a reduced number of nearest neighbour atoms compared to the crystallographic coordination number, i.e. N 1 = 9.42 instead of N 1 = 12. Analysing the ReflEXAFS data in the same way results in N 1 = 11.24 (see also ref. [12] ). In general, atoms which are located in the surface of the sample have a reduced number of nearest neighbour atoms compared to those of the bulk. As pointed out in the introducing section, Yoneda-XAFS is caused by lateral heterogeneities which typically occur at surfaces or interfaces, i.e. it originates directly at the surface of the sample. The reduced nearest number observed in this study therefore relates quantitatively to this surface sensitivity.
CONCLUSIONS
In conclusion, the data and its analysis presented here clearly demonstrate the existence of fine structure oscillations in the region of diffusely scattered X-rays. The structures of the Yoneda-XAFS are similar to those in reflection mode XAFS. Using an off-specular scattering geometry -with the detector centred at the Yoneda peak position -this method is sensitive to lateral surface and interface heterogeneities. Major characteristics of the Yoneda-XAFS can be reproduced quantitatively by model calculations in the framework of the DWBA. Thus, this new mode of surface sensitive GIXAS spectroscopy gives the opportunity for new promising applications in surface science.
